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ACOUSTICS

UDC 534.2:532
TWO-DIMENISONAL NONLIN: -x WAVE PROCESSES IN PULSED LOCAL HEAT RELEASE IN A GAS FLOW

Moscow AKUSTICHESKIY ZHURNAL in Russian Vol 27, No 4, Jul-Aug 81 (manuscript re-—
ceived 13 May 80) pp 595-604

[Article by A. T. Fedorchenko, Moscow Physicotechnical Institute]

[Text] Development of nonlinear wave processes in a homogeneous
gas flow near a stationary zone of pulsed heat release is numeri-
cally studied within the framework of a planar model. The study
is done over a wide range of transonic and supersonic velocities
of the unperturbed flow. Optimum conditions of generation to
maximize pressure amplitudes are discussed.

A separate field of research [Ref. 1-7] involves the investigation of wave processes
generated by a thermo-optical source moving in a gas (or equivalent processes in
flow around a stationary beam along the normal to its axis). The phenomenon of
amplification of sound waves as they are generated by continuous radiation in

a transonic gas flow has been examined as a result of approximate analytical solu-
tions (linear [Ref. 1-5] or with consideration of weak nonlinearity [Ref. 7]). An
analogous effect has been experimentally detected [Ref. 8] at near sonic velocities
of scanning of a laser beam over the surface of an absorbing liquid.

However, the approximate sclutions have not enabled investigation of appreciably
unsteady processes of pulsed excitation of acoustic waves of finite amplitude,
much less under conditions of strong nonlinearity (i. e. at acoustic Mach numbers
M, of the order of unity or more). Obviously in solving nonlinear spatial problens
of the given type under general conditions it is necessary fo use a complete (two-
dimensional as a minimum) system of gasdynamic equations. But solution of such
problems as of now can be handled only on the basis of numerical methods with
up-to-date computers. In doing this, both the construction of mathematical models
and development of the appropriate numerical algorithms for solution constitute

a separate class of problems, usually attended by considerable difficulties.

In this paper, numerical integration oI complete two-dimensional equations of

gas dynamics is used to solve some model problems where an investigation is made
of appreciably nonlinear pulse processes of optical generation of intense waves
in plane-parallel gas flows. In the given range of velocities of the undisturbed
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flow (transonic and supersonic) and heat-release levels, pronounced two-dimensional
effects of nonlinear interaction of the generated waves with the flow are observed.
A detailed examination is made of the formational processes and subsequent evolution
of shock waves; an analysis is made of some optimum conditions of wave generation

to maximize pressure amplitudes. Notice is taken of the possibility of realization
of resonant oscillatory phenomena in a supersonic flow by using a series of succes-
sive pulses.

Two-dimensional unsteady flows of perfect gas were studied in the rectangular
region G{rs(z:: z.), y=(0: y:). 7,<0, :>0} . The coordinate system that is used is
fixed to the stationary axis of the beam (axis 0z) normal to the plane of the
flow. The initial dimensionless system of gasdynamic equations had the form

ap 4 dou , dpv
at dz dy
dpu . d dpuv
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The dimenisonless values of coordinates x, y, velocity components u, v, time t,
density p, pressure p, temperature T, internal energy e, volumetric absorption
factor «, and radiation intensity I are respectively expressed in units ryp, co,
ro/cos oos pocss To, ¢, a0, Lo, where ro is characteristic radius of the beam,
po, Tg are parameters of the unperturbed gas flow, co==¢§§io is the adiabatic
speed of sound, oo is the average value of the coefficient of absorption on the )
investigated section of the length of the beam, I, is the characteristic (maximum)
radiation intensity.

The principal dimensionless number Q can be represented as a product of two dimen-
sionless parameters:

Q@ =B, where &= 0qPg, B=I0/pocg.
Obviously formulation of the planar problem is correct only when £<l1.

It is assumed that the power of the sources of heat release is independent of

a change in the local thermodynamic parameters of the gas in the zone of absorptionm,
(i.e. a = const = 1), and is completely determined by the unchanged spatial dis-
tribution (in the given case gaussian) of radiation intensity and the predetermined
function £(t) >0 (with norming condition fj ., =0(l)) that characterizes the time
modulation of the pulse:

al=f(t)g(z, y), g(z, y)=exp (—z'—y"),
t>0," z, y=G.
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Pulses are considered with characteristic times of action g2 1.

B At the initial instant t=0 throughout region G

(2) u=M., v=0, T=b=1,'p-=p.-:-1/1.

On the lower boundary G(ze(z,; z:), y=0, t=>0) symmetry conditions are used: v=0,
Ju/ay = 9p/dy = 3T/3y = 0. The parameters of the unperturbed flow (2) are assigned
on the left boundary (z=z, ye 0; y.) ) - The upper and lateral boundaries of G
were sufficiently far away (y,>1, |z:|>1, z,>1) so that during the entire investi-
gated time interval (0; ty) the influence of these boundaries did not reach as
far as the investigated local zone close to the beam. In all calculations y=1.4.

For numerical integration of system (1), a difference scheme was used [Ref. 9] of
the "predictor-corrector" class with second order of central spatial approximation.
The presence of model viscosity (evaluated and adjusted in the computational pro-
cess) enabled straight-through calculation of shock waves without appreciable
manifestation of dissipating factors outside of the zone of discontinuity. Non-
uniform grids were used with step hy=hy=0.1 in the central zone of G (the total
number of intersections of the grid over the region N2 3200). The step with re-
spect to time h¢ = 0.015-0.02.

The main series of calculations was done with the use of the function £;(t):
f;(t) =texp (—(t/11)?), 1,=3, 1=0.

The maximum value of (f£1)pax * 1.29 is reached at t= 2.12. The quantity J(f4),
which in the first approximation is proportional to the total pulse energy &,
we introduce in accordance with the formula

J(fy= 10, 1,30,

where [ti; t2] is the characteristic time range of action of pulse fi. For fi(t)
we get

1) = | i di=r/2=45.
Setting ty =0, t22271 %6, we find the similar value J(f,) = 4.4.

A number of variants corresponding to fixed numbers Mw=0.8, 1.0, 1.2, 1.6, 2.0
and 2.4 were calculated at a constant number Q= 10. Let us consider the main
peculiarities of the investigated nonlinear wave processes based on the resultant
series of numerical solutiomns at 0<ts6-7.

An increase in heat release near the axis of the beam causes formation of a zone
of compressed heated gas with initial (at t<1) spatial distributions of p and T
close to gaussian. Then intense wave radiation is observed to develop from the
compression zone along with continuing heat release. At Mw<l, this radiation
could have been treated within the framework of the one-dimensional model of di-
vergent cylindrical waves, but in the investigated range of M, and Q, complicated
nonlinear interaction shows up between waves and flow, leading to an appreciably
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Fig. 1. Pressure distribution along the zone of absorption at different values of
t=2 (a), 4 (b), 6 (c) (Q=10, Mx=1)
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- two-dimensional pattern of the process. For example, in the direction opposite

to the flow, characteristic nonlinear distortion of the compression wave profile
was observed (fairly rapid at Q=10), terminating in formation of a discontinuous
shock wave front at 0.8<M_<1.6. At the same time, the wave radiation propagating
in the direction of the flow (i. e. in the direction making angles 6*<[0; n/2) to
vector u,) leads to constant outflow of energy from the compression zone. In

the entire series of calculations, formation of local zones of rarefaction (minimum
pressures reaching p(1.7; 0; 6.5)/p,% 0.7 in the variant with Mw= 1.2) was observed
behind the compression wave downstream along axis y=0 at t 2 3-4. This physical
effect is typical of divergent waves that are close to cylindrical [Ref. 10].

Shown in Fig. la-c are pressure surfaces in the part of the computational region
{r=[-3; 8], y=[0; 5]} at t=2, 4, 6 for the variant with Q=10, Me=1. This series
of graphs gives a clear representation of formation of the shock wave and the
following rarefaction zone. The arrow indicates the direction of the velocity
of the unperturbed gas flow.

It should be noted that in the variants with M,< 1.6 during formation of the shock
wave and its departure upstream, the heat release process still continues (at
least until t= 6-7), and as a result, effects of shock wave interaction appear

on ihe part of perturbations propagating from the paraxial zone of the beam through
the region of locally subsonic flow behind the shock wave front.

Further contrary motion of the curved shock wave (with initial radius of curvature
ry=3-4 at t=4, y<2, M.<1.6) is accompanied by a reduction in p,(t) (pu(t)=
x;}fﬁ?‘,,) p(z, 0, t)=p(zs, 0, t)both due to wave radiation with respect to angles 6°,

and as a consequence of spatial divergence of the shock wave (with increasing ry).

At M, <1 there is continuous motion of the forming shock wave against the flow
with monotonic reduction in Pu(t) (pe(t)—Por Ze(t)—+—oo, dz/ot—M.—1 as t>=).

At M >1 (more precisely at 1<Me<l.6 in the series of calculations with Q=10),
after p, falls to some value pS(Moo)>pa, the shock wave stops, and then begins
to move with the flow. The quantity pg(Mw) can be approximately evaluated from
the known formula [Ref. 10] for a plane shock wave:

Po _ 2 I et
. — M}:——, M.=1.
(3) Pa 1+1 '{+1 .

In variants with M,> 2, the pulse energy is no longer sufficient for reaching

the initial degree of gas compression necessary for shock wave formation, much

less for moving it against the stream. It should also be borne in mind that a
reduction in maximum pressure amplitudes with increasing M»Z 2 is due to a consider-
able extent to enhancement of "convective cooling'" of the heat release zone, 1. e.
to an increase in the rate of heat transfer from the region of the beam along

the flow (aTp/oM,<0 on Fig. 4).

The described effects are partly reflected in Fig. 2a, b, c, showing graphs of
instantaneous distributions of parameters along axis y =10 (solid curves--p(x, 0,

t)/pa, dashed curves--T(x, 0, t), dot-and-dash curves--local Mach numbers M(x, 0, t))
for variants with M,=1.6, 2.0 and 2.4 respectively (Q= 10).
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Fig. 2. Instantaneous distributions of parameters: p(x, 0, t)/pa-—solid curves,
T(x, 0, t)--dashed curves, M(x, O, t)--dot-and-dash curves; Figures a, b, c corre-
spond to M,=1.6, 2.0 and 2.4 at Q=10
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Notice should be taken of the appreciably two—dimensional character of the flow
around the absorption zone--the ratio lu/vl close to the beam reached a value

of the order of 0.5 in some cases. In this connection, it was practically only

in variants with M_=1.2, 1.5 that formation of subsonic zones surrounded by super-
sonic flow was observed behind the shock wave. Behind the region of heat release,
a heat trail propagating downstream is formed that is characterized by relatively
weak dissipation of the temperature maximum.
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Fig. 3. Longitudinal displacements xy(t) of the pressure maximum. Curves l1-4 cor-
respond to M,=1.2, 1.6, 2.0, 2.4 at Q=10

Fig. 4. Influence of number M. (at Q= 10) on values of extremum parameters. Curves
1-4 correspond to ppax/Pa> Tmax> Mmin, —xm=-min(xw) at Q= 10

Fig. 3 shows the curve f;(t) the defines the given change in the level of heat
release, and also a number of curves xy;(t) that give an idea of the nature of

displacement of maximum pressure py along the Ox axis in variants with Q= 10,

M=1.2, 1.6, 1.0, 2.4 (curves l-4 respectively).

Naturally, the maximum advancement of the forming shock wave counter to the flow

(until stopped) increases with a reduction ia M>l. For example, in the variant

withM,=1.2 the shock wave stops at t= 10, kg, = -2.1. When this happens, pw(IO) /pa’é
1.5, which agrees well with the corresponding value of pslpa1 from (3).

At M,=2.4, u,=93x,/3t>0 for the duration of the whole pulse. Let us note that in
variants with My>2 at t 2 5 momentary maxim.m pressure amplitudes (throughout

the region G) were observed on sloping sections of the compression wave (i. e. at
y>0). For example at M,=2.4 P(4, 3, 6)/pa=1.74, pw(6) = p(1.7, O, 6) = 1.39.

It can be seen from Fig. 2, 3 that the condition |xu(t) ]| £0.5 at 0<t<6 when M,=2
is satisfied, resulting in near optimum conditions of continuous energetic addi-
tional pumping of thes compression wave; these conditions lead to a value of
(pw(t)/pa)maxz 2.54 that is maximum for all variants of the given series.
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From the results of the entire series of calculations considered above with Q= 10,
f=f,(t), graphs are plotted for the maximum pressures pml(M(,‘,)_/pa and temperatures
Tp(Mw) » minimum local Mach numbers M, (M=) and quantities z.=min (zo(t)) (za<<0) --

- S > I .

curves 1-4 respectively on Fig. 4. The extremum values pp, Tps Mp in each variant
were determined from the set z, y=G,t=(0; 6).

Thus from Fig. 4 we can graphically determine the "optimum" Mach number M¥=1.9
at which the absolute maximum (pg/Pa)max = P§/pa® 2.56 is reached.

An analogous series of experiments was also done for Q=1 (f=f;(t)). In this
case we found M§=1.3 (pw/pas 1.18). For the variant with M,=1.2 (i. e. in the

- near optimum mode of generation), graphs of the instantaneous distributions of
parameters along y=0 are shown in Fig. 5 (notation analogous to Fig. 2). In
the given case, a shock wave was not observed to form (analogously to M,=2 at
Q=10) and for the entire heat release process |ze(2) | <0,45 (t=(0; 6)).
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Fig. 5. Instantaneous distributions of parameters: p(x, 0, t) /pa

—-solid curves; T(x, 0, t)--dashed curves; M(x, 0, t)--dot-and-

dash curves at Q=1, M=1.2. Numbers near the curves denote the
values of dimensionless time t

1t is characteristic that in the two series of calculations with Q=1 and Q=10 the.
quantity n*= (M%- 1)//Q = const = 0.3 (the parameter n= (M, -1)/ Q is proportional

to the dimensionless number & introduced in Ref. 7 for the model of one-dimensional
wave processes with weak nonlinearity). General similarity of solutions with
respect to the parameter n was not observed, which 1s natural in light of the
considerable differences of the given problem (strong nonlinearity, two—dimen-
sionality, the pulse nature of heat release, etc.) from the conditions of the
one-dimensional model of Ref. 7.

In a series of corresponding one-dimensional calculations (vz 0, g=exp(-x2)),
the maximum pressure amplitudes were considerably higher, which was to be expected
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since no consideration was taken of wave propagation in the transverse direction.
For example in the one-dimensional problem with £=£,(t), Q=10, M,=2 the result
was py(4) /pa = 4.45 Tp= 2.9.

It is natural to assume that at 3g/3t=0 for any fixed number Mw> 1 and given
time interval tg= (tz - t;) 21 that determines the characteristic duration of

the heat release pulse there is some set of pulses {Qf} (similar with respect

to norm IQfll = QJI(f)/(ts~t1)) for which the compression wave is generated with
attaimnent of maximum pressure amplitudes p¥ on line y= 0 at te(t;t). This opti-
mum mode of generation, apparently, is realized simultaneously with satisfaction
of the condition

(4) |zu(t) | <e, 1€(tsita),
where ¢< 1 is a rather small quantity that may depend in turn on Qf, T, 8srees

In the general case, p¥ can be determined either as the absolute maximum of
pz, y, t) (z, y=G, te(t, t;)), or as the maximum average p% (for the required time
interval (tg; tp) evaluated with respect to a set of points x, y belonging to
some subregion L<G.

- In the inverse problem being considered here (finding the "optimum' number M%

for a given pulse shape Qf(t)), the optimality of the selected set {My, Qf} is

determined to a considerable extent by the smallness of the quantity e found in

the process of solution. Taking as the initial field the solution of variant

- {Q=10, Mu,=1.6} at t=7 (i. e. after practical cessation of the action of pulse
f, and at xq(7) =-0.4), a solution was found for the problem of the effect of
the second pulse f,(t) (Q=10, M,=1.6, t>7, tg=8, T2= 1), where

cos* (1t (t—tm)/27:) when (€ [ta—Ts; tmt1a],
0 when t>tn,+12

: (5) -ix(t)={

(fz).mu=f2(8) =1; J(f2) =0,75.

Fig. 6. Distributions of

p(x, 0, £)/py, T(x, 0, t),

M(x, 0, t) in the variant with
Q=10, M,=1.6, f=£f3(t),

(t> 7). Numbers near the curves
correspond to different t.
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Graphs of instantaneous distributions of parameters along the Ox axis at 7<t< 11
are shown in Fig. 6 (notation analogous to Fig. 2). 1In the investigated process
at total pulse energy & (f,)=~&(fi)/6 not only higher amplitudes py are reached than
in Fig. 2a (p,(8)/py =3.1), but also greater average values py: py(7; 11) 2 2.4 >
p,(0; 7) = 2.1, vhere

L)
[peat,  &>t20.

ot tn) = m

It is characteristic that at t =11, the field of parameters close to the beam takes
on qualitative and quantitative similarities to the initial field (at t=17), so
that repeated application of a pulse of type f» (with tp=12, 12% 1) will give

a presumably analogous effect in the range t=(11; 15).

For the sake of comparison, calculation was done where a pulse of type fa(t) was
given as the original pulse (Q=10, My=1.6, t>0, ty=1, 12=1). 1In this case,
a maximum pressure was attained of pp/ps2py(1)/pa=2.5 (xp = -0.6).

Obviously the examined phenomenon of '"summing" of the actions of sequential pulses
can show up most effectively only in the case of relatively small time intervals

z between pulses, and also upon satisfaction of condition (4) (at least with e=0(1))
throughout the time of action of pulses fi, fz,...

Thus in the case of a stationary beam position, the conditions that are optimum
(in the sense of attainment of maximum pressure amplitudes) for a sufficiently
- long process of generation of intense waves in a flow with M > 1 can be realized
by different methods: either by ensuring continuous energy release by means of
an isolated pulse Qf at M,=M% (and accordingly under condition (4)), or by using
a series of successive short pulses (Qf); (i=1, 2, 3,...) synchronized with times
t¥ corresponding to return of the shock wave to x=0 (each pulse in the series
being obliged to advance the compression wave against the flow by a certain amount).
In the second case by special selection of the sequence of pulses (Qf) it is pos-
sible to generate a resonant oscillatory process.
At x;2 1, ug>0, or at M_S 1, effective additional energetic pumping of the primary
wave is possible only Ly shifting the beam along the Ox axis behind point X, (t),
i. e. it is necessary that dg/dt# 0. This motion of the beam under certain con-
ditions may be equivalent to transition to a new value of relative velocity of

the flow ML #M,.

The problem of determining the optimum conditions of generation brings forward

- the general problem of controlling the gasdynamic system to be modeled by by means
of distributed sources of volumetric heat release. The obvious advantages of
modeling are associated with the capability of a rather arbitrary change in the
"controlling functions" a, I (or f, g) directly in the process of calculation
with continuous analysis of some set of parameters from the solution of the problem
on the preceding time interval. The given approach is actually realized in variant
(5), where selection of the algorithm of the controlling action (i. e. selection
of £,(t) for the second pulse) is determined by solution of the problem on the
preceding time interval (0; 7).
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Naturally the process of operational "external' control of heat release sources
(especially within the limits of quite short time intervals) is not always feasible
under the conditions of an actual experiment. However, in some cases internal
physical mechanisms of regulating local levels of heat release are possible. There
are real situations where the coefficient of volumetric absorption a increases
strongly in some region with increasing p or p (for example the mass coefficient

- of absorption op=o/p=const). Then under certain conditions the forming shock
wave may make periodic advances against the flow with Mw> 1, receiving energetic
additional pumping in the .zone of the undisturbed beam with practically constant
level of radiation infemnsity I.

In the case where a depends mainly on temperature (for example 20/3T> 0), the
problem of optimum energy pumping of the compression wave is complicated in view
: of displacement of the hot spot along the flow (at any Mo 0) .

In studying processes of generation of intense compression waves, an important
question is the form of the function g(x, y) that defines the spatial distribution
of radiation intensity. For example when g(x, y)='F[(x/r1)2-+(y/r2)2], where

ro> ry, the zone of energy release extends in the transverse direction over the
wave front, improving the optimality of wave amplification. Obviously a technique
of this kind can be used in some cases to increase maximum pressure amplitudes
without changing the overall pulse energy.

The question of possible effects of thermal self-stress of the beam (change in
function g along axis 0z) at considerable levels of heat release remains open
since an answer would require solution of an appreciably three-dimensional non-
linear problem (in contrast to the linearized problems of Ref. 3, 11).

The author thanks K. I. Artamonov, S. A. Akhmanov and 0. V. Rudenko for discussing
the results and for constructive remarks.
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CRYSTALS AND SEMICONDUCTORS

UDC 621.378.9:535

REGISTRATION OF PARAMETERS OF PULSED RADIATION USING THE SEMICONDUCTOR-METAL PHASE
TRANSITION IN VANADIUM DIOXIDE

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 6(108), Jun 81 pp 1363-1366

[Article by L. P. Ageykina, V. N. Gavrilov, V. V. Kapayev, V. G. Mokerov,
I. V. Ryabinin and A. A. Chastov]

[Text] An investigation is made of the feasibility of measuring
the cross sectional area of beams S and the energy E of pulsed
radiation by utilizing the photoinduced stepwise change in the
electrical resistance Ap and coefficient of light transmission
At associated with the semiconductor-metal phase transition in
V0,. Based on measurement of the amplitude and duration of the
photoresponse pulses Ap and At as functions of E and S, an analy-
sis is made of the shape of these two pulse responses. It is
shown that measurements of amplitudes and decay times of pulses
Ap and At can be used for simultaneous determination of S and E
of pulsed radiation.

The strong change in coefficients of reflection R and light transmission t, and

in the electrical resistance p accompanying the semiconductor-metal phase tramsition

in vanadium dioxide [Ref. 1], and the feasibility of optically inducing this phase

transition [Ref. 2] enable the use of VO, for determining the parameters of optical

radiation [Ref. 3, 4]. However, although higher sensitivity was attained in Ref. 3

than for conventional pyroelectric sensors, the principle of controlling a "string"
) of metal phase that was used in that research is inconvenient because of the small-
- ness of the effective sensing area. The method used in Ref. 2 to record laser
intensity from measurement of the change in R during the phase transition is limited
to the case of short pulses (107% s or less) during which the relaxation of heat
in the substrate can be disregarded. The pulse energies E measured in Ref. 2 were
of the order of the latent heat of the phase transition in thin VO, layers.

In this paper we will investigate for the first time the feasibility of simultaneous
determination of two parameters of laser radiation--energy E and cross sectional
area of the beam S—-by recording either the amplitudes of responses with respect

to electrical resistance Ap and light transmission At, or their decay times Tp and
T¢ accompanying an optically induced phase transition. In doing this, the require-
ments for focusing of radiation are less severe than in Ref. 3, and the range of
measurable energies is shifted toward higher values than in Ref. 2. The relaxation
of heat into the substrate in our case enables registration of laser pulses with
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Fig. 1. Maximum values of response Fig. 2. Transmission signal decay tifme
with respect to electrical resistance 1¢ (1-4) and electrical resistance decay
ApMaX (1) and with respect to light time 1, (5) as dependent on pulse energy
transmission AtmaX (2, 3) as dependent E for area S§=2.43 (1), 10,6 (2), 18.5
on the area of irradiation S on a (3), 45.0 (4) and 10-50 m? (5)

wavelength A=1.06 um for pulse emergy
E=660 (1, 2) and 470 mJ (3)

duration of 107%-10"%2 s, which gives the capability of working with cw radiation
sources as well when the appropriate modulators are used.

The VO, specimens were thin epitaxial layers (0.2-0.5 um) produced by precipitation
from a vapor-gas mixture of VOCl3-CO,-H2-Ar on single-crystal sapphire substrates.
Specimen diameter was 30 mm, substrate thickness 0.3-0.4 mm. The jump in p(T)

at the phase transition was by a factor of 10", the zone of "smearing" of the phase
transition AT¢= 3 K, and the width of temperature hysteresis ATy=0.5 K. For mea-
surements of p and Ap, point metallic electrodes were sputtered on diametrically
opposed edges of the specimens. The wavelengths A of the pulsed radiation were
0.69 and 1.06 ym. We point out that the given method is suitable for any A< 1.2 ym
(in the vicinity of strong absorgtion in V0,). The duration of laser pulses tp was
10-3 s, E=40-700 mJ, S=2-50 mm“. In the measurements, the VO, specimens were
thermostatically held at 3 K (£0.1 K) lower than the temperature of "onset" of

the phase transition. Heat exchange conditions were such that the initial state

of the specimen after completion of a laser pulse was restored by heat exchange
with the ambient medium in a time of ~100 s. An AL-107A light-emitting diode with
radiation maximum close to A=0.85 um was used to record the response with respect
to At. There was at least a five-fold jump in % during the phase transition on
this wavelength. The diameter of the readout beam in the plane of the specimen
was ~0.8 mm. Radiation with any X in the range of 0.7 ym< A< 6 um can be used

for "readout", where the jump in t during the phase transition exceeds a factor

of 2, and the substrate is transparent. The angles of incidence of the recording
and "readout" beam on the specimen were ~10° and 0° respectively. The measured
pulse and the pulse responses bp(t) and At(r) were recorded on an oscilloscope
with a relative error of amplitude measurements of +5%.
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It was found as a result of the measurements that there is a considerable difference

in the shape of pulse responses with respect to resistance Ap(t) and with respect

to transmission At(1): Ap = Ap™®¥ was reached in time t=107%-10"% s (dependin§

on E and S), and the fall time 1, was 0.1-1 s; At=At™3X was reached in 7= 107%-107?
- second, and fall time Ty was 1-5 s. We point out that since there was a noticeable
change in o with T not only during the phase transition, but also within the limits
of the semiconductor phase, 1, was defined as the time of fall-off of Ap to a speci-
fied level of 25 kQ (for Aoma§= 250-300 k@) with relative error of *10-12%. On
the other hand, since the change in t(T) took place only in the zone of "smearing"
of the phase transition, T, was taken as the time for At to a certain fraction
of AtMaX (Y, ), the relative error for ty being *5-7%. Curves for Apmax  Armax
and T, T¢ as functions of E and S are shown in Fig. 1 and 2.

Now let us turn to discussion of the principal results. Since the substrate is
transparent for the wavelengths that we have chosen, the radiation energy is ini-
tially absorbed in the VO, film, and then transmitted to the substrate after a
characteristic time tp=h?/k*107% s (x is the coefficient of thermal diffusivity
of the substrate, and h is its thickness). Since this time is commensurate with

Tp and the size of the irradiated region was always greater than h, the temperature
of the film and substrate becomes equal during the action of the pulse, and when
> 1p the response pulse shape should be determined by the diffusion of heat along
the substrate (since the thickness of the VO, film is much less than h, the role
of the pulse shape at t> Tp reduces to indication of the substrate temperature).

The actual dependences p(T) and t(T) [Ref. 1] of the investigated VO, films in

the vicinity of the phase transition can be approximated by piecewise-linear func-

tions, i. e. at T; <T<T, p,t- YT (y is a coefficient that is different for p and

t; T; and T, are the temperatures of "onset" and "completion" of the phase transi-
- tion) and p, t=const at T> Tz and T<T;. In view of the narrowness of ATy, the

temperature hysteresis can be disregarded here. Let us denote the changes in p and

t during the phase transition by 6p and 6¢. Let us arbitrarily break down the

jyradiated film area into three regions Sy, S2 and S3 in which T> Ty, T1 <TLT;

and T<T; respectively. Then the change in transmission during irradiation can

be written as

At=58;8,46¢Sa/ky. (1)

where o, 8, (T2~ 7,)/(T,~T,). Here TBF* is the maximum temperature of the film at
the given instant in region Sz, the coefficient k> 1 is introduced to account

for the way that temperature in region S, depends on the x coordinate in the plane
of the film (the quantity k; =2 for a linear function T(x)).

Since the temperature To of thermostatic control of the specimen is close to T,
we can assume (disregarding heat transfer to the ambient space) that all the energy
E is concentrated in regions 1 and 2. In this case

. TS —T TIEx T
£"’f,r(Ta_T1+_‘ﬂ‘kT—L>31+’_SZ‘k—2_LSs ’ (2)

where c¢ is the heat capacity of the substrate; ki plays the same role as kp in (1);

T??X is the maximum temperature in region S;. Expressing S; from (2) and
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substituting in (1), we readily see that the quantity At increases with decreasing
S;. At $;=0, At = At™3X ~ E§¢/[c(T2 - T1)] is determined oniy by the energy in the
pulse, and is independent of the irradiated area and TR3X  This explains the wide
interval of S over which the quantity AtM3X does not depend on S (see Fig. 1).

} The reduction in At (from At™@X) at large S is due to drainage of heat from S; to S3.

For the response with respect to resistance we can write

Ap~8,11+8; Lylks, (3

where 1,, l, are the linear dimensions of regions S; and S: (1y~VS1, 12~VS1+ Sz -
/S1). Substituting S, from (2) in (3) we can see that Ap in contrast to At de-
creases with a reduction in S; (at least at small S;). This shows that the maxirum
value of Ap is reached at S;#0 (T™¥*>T,), i. e. prior to AtM@*, For this reason,
1,<t¢. The maximum Ap depends on the value of TM@X, and hence on the initial

area of irradiation. Thus the given simple arguments enable us to understand not
only the difference in the shape of responses At(t) and Ap(t), but also to explain
the behavior of the curves shown in Fig. 1 and 2.

Taking consideration of the fact that there is a segment of AtMax(s) on Fig. 1 that
is independent of S, measurements of the dependences of AtM3aX and Ap™@8X on E and S
can be used for simultaneous determination of the E and § of light beams. Vapori-
zation of the VO, film is observed at high radiation density. This shows up as
a steep drop in AtM@X and Ap™3X as § decreases for $< 10 mm?® on Fig. 1. As a result
of measurements of the dependences of 1, on E and S it was established that like
the case of AtM@%(S) in the interval S= 10-45 mm?, T, was independent of S, and
was determined only by E, which shows up as coincidence of curves Tt (E) for dif-
ferent S (see Fig. 2). On the other hand, Ty depends on both E and S. This dif-
ference in the behavior of 1, and 1y may be due both to the different definition
of T, and Tt in our experiment, and to the above-mentioned differences in the nature
of the description of responses with respect to p and t. These data are certainly
of practical interest since measurements of 7, and Tt can be used as well as mea-
surements of AtM3X and ApM3¥ for simultaneous determination of E and S. The former
method is preferable in view of the great simplicity and accuracy of determining
time intervals. Here the value of E is first determined from T, (for the response
with respect to Ap), and then S is determined from this E from family of curves
(1-4) on Fig. 2. It has been established that threshold sensitivity with respect
to E is 0.14 J/cm® for registration with rcspect to Ap, and 0.21 J/em? for regis—
z tration with respect to At, and the maximum permissible energy of the registered
energy is 34 J/cm® (at E> 34 J/cm? the material vaporizes). The error of determining
E within these limits is no greater than *10%. Our measurements of S ranged from
10 to 50 mm®.
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UDC 621.373.826.038.825.4
LASER SCREENS MADE OF SINGLE-CRYSTAL ZnSe AND ZnTe FILMS GROWN ON SAPPHIRE
- Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 8, No 6(108), Jun 81 pp 1380-1382

[Article by A. V. Dudenkova, A. S. Nasibov, E. A. Senokosov, S. D. Skorbun, Yu. M.
Popov, A. N. Usatyy and V. M. Tsaran, Physics Institute imeni P. N. Lebedev, USSR
Academy of Sciences]

[Text] Lasing is realized on single-crystal ZnSe and ZnTe films
grown on sapphire with longitudinal electrou-beam excitation.

At the present time, the process of making semiconductor laser screens for cathode
ray tubes consists of a number of technological operations: growing single crystals,
making disks from these crystals up to 50 mm in diameter with subsequent chemical

and mechanical polishing, application of reflecting coatings and cementing to a
transparent backing [Ref. 1]. Of considerable interest is the possibility of simpli-
fying the technology of making laser screens by growing a single-crystal semicon-
ductor film directly on a transparent substrate such as sapphire. In this case,

the reflective coatings that form the optical cavity are applied to the surface

of the semiconductor film on the side where the electron beam is incident on the
backing.

A promising semiconductor material for laser screens that radiate in the blue region
of the spectrum (A=450 nm at T=80 K) is ZnTe. At present there are a number

of reports on production of single-crystal layers of ZnSe om sapphire backings

(e. g. Ref. 2-4). These reports note a high degree of perfection of the epitaxial
layers, effective radiative recombination in the region of 445-450 nm, and also
laser emission with transverse electron-beam excitation [Ref. 4]. Material of

much higher quality is required to get lasing with longitudinal electron-beam exci-
tation.

This article is the first to report attainment of lasing with longitudinal electron-
beam excitation of a laser screen in which the active element was epitaxial layers
of ZnSe and ZnTe grown on thin sapphire backings (300 and 500 um thick).

The single-crystal layers of ZnSe and ZnTe were grown by a quasi-closed volume
technique [Ref. 5]. The substrates were sapphire crystal plates of various orienta-
tion. The grown layers of ZnSe 20-50 um thick and 20-50 mm in diameter had quasi-
parallel orientation relative to the substrate with retention of the following
epitaxial relations: (111) ZnSe parallel to (0001) Al,03 and (111) ZnSe parallel

to (2110) Al,03. ,
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Fig. 1. Cathodoluminescence spectra
of single-crystal ZnSe films grown
on sapphire

The surface morphology of the ZnSe layers

depended to a great extent on the orientation

of the substrates. Layers grown on sub-

strates (0001) had a smooth surface showing

growth figures in the shape of triangles

or hexgons formed as a result of superpo-

sition of several triangles. For ZnSe layers

on substrates (2110) Al,03; a typical feature ! ,
is growth in steps with dimensions that 4505 48,5 A, nm
- reach 0.1-0.5 mm,

Fig. 2. Spectrum of stimulated

- X-ray and electron-radiographic studies emission of a laser screen based
and investigation of the spectra of photo on a film of ZnSe on sagphire;
and cathodoluminescence showed that the Eg=75 keV, j=100 A/cm“, T=80 K.
grown layers have a high degree of crys- Thicknesses of the film and sap-
tallinity, with a quantum radiation yield phire plate 40 and 300 um respec-
approaching that of massive single crystals tively

[Ref. 6]. The cathodoluminescence spectra

of such layers (Fig. 1) at low excitation levels (energy of excitation electrons
Eo= 20 keV, pumping current density j<l1 A/cm?, T=80 K) show lines of emission
of a free exciton (A) and its phonon repetitions (A- L0, A~ 2L0).

In making the laser screen the surface of the film was mechanically polished to
get a mirror surface, and then the resultant destroyed layer was etched away by

a polishing etchant. The finished thickness of the investigated ZnSe films was

18 and 40 um. A silver reflective coating (Ry =92%) was applied to the semicon-
ductor film, and a multilayered dielectric mirror (R, = 80%) was applied to the
sapphire. Excitation was realized in the television mode by an electron beam with
Eg= 75 keV and diameter on the target of 10 ym. The laser screen was attached

to the sapphire window of a nitrogen cryostat.

Lasing was observed at a current demsity of about 90 A/cm?. Removal of the reflec-
tive coating applied to the sapphire increased the threshold to 200 A/cmZ, Fig. 2
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shows the spectrum of stimulated emission of the laser screen. The distance be-
tween modes corresponds to a compound cavity, and maximum intensity is shown by

the modes that are simultaneously the fundamental of the epitaxial layer and the
cavity formed by the mirrors. The compound mode mzkeup and the considerable in-
crease in the threshold upon removal of the reflective coating from the sapphire
show that lasing took place in the cavity with external mirror.

Similar results were found on laser screens made from single-crystal ZnSe films
grown on sapphire (jip =90 A/em?), A=531 nm; width of the spectrum at half-
amplitude AA=0.96 nm. Emission power on the lasing threshold ~50 mW).

A reduction in the thickness of the sapphire to 50-100 ym or an increase in the
diameter of the electron beam to 100 um should reduce the lasing threshold several
times. Practical use of such a technique for making laser screens necessitates
an increase in active element diameter to 50 mm, improvement of semiconductor layer

. homogeneity, and a higher quantum yield.
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FLUID DYNAMICS

UDC 532.135;532.526
BOUNDARY LAYER OF A BODY OF REVOLUTION IN A DRAG-REDUCING POLYMER SOLUTION

Moscow IZVESTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No 3,
May-Jun 81 (manuscript received 8 Aug 79) pp 40-48

[Paper by V.B. Amfilokhiyev, V.V. Droblenkov, G.I. Kanevskiy and N.P. Mazayeva,
Leningrad]

[Text] The reduction of the viscous resistance of solids moving in a
drop liquid by means of dissolving certain long molecular chain polymers
in it must be recognized as one of the most promising methods of de-
creasing resistance at the present time [1]. Since the major effect

of the introduction of polymers is a sharp reduction in turbulent fric-
tion, it is natural to make use of a semi-empirical turbulence theory
for the calculation of flows of weak polymer solutions. One of these
theories [2] was successfully applied to the calculation of the bound-
ary layer at a flat plate [3] and a current with a pressure gradient
near the flat contour [4].

A possible method of calculating an axially symmetric boundary layer
is presented in this paper for the case of the motion of a solid in
weak polymer solutions with a constant concentration. The method is
based on the utilization of the velocity profile and a system of in-
tegral equations which most completely take into account the effects
of the transverse curvature of the streamlined surface. The compu-
tational scheme makes it possible to account for a change in flow
conditions in the boundary layer.

1. One of the major features of the calculation of an axially symmetric boundary
layer is the necessity of taking into account the transverse curvature of the stream-
lined surface, and related to this, the finite thickness of the layer as compared to
the local cross-sectional radius of the solid of revolution, It is insufficient to
calculate the axially symmetric boundary layer as a thin layer, i.e., with the as-
sumption that § << Ry, where § is the boundary layer thickness and Ry is the cross-
sectional radius of the solid, especially in the case where a polymer solution flows
around the solid, and where the calculation errors which follow from the assumption
that § << R can substantially distort the gain predicted through the use of poly-
mers. TFor this reason, it is expedient to handle the calculation of the boundary
layer of a solid of revolution as a "thick" one, for which one can use either partial
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- differential equations for the boundary layer, or integral relationships. From a
practical viewpoint, the integral equations are more attractive, first of all be-
cause of their economy, and secondly, because of the fact that in their application,
no data is needed on the fine turbulent mechanisms, and cnly a successful approxi-
mation is needed for the profiles of the longitudinal components of the averaged
velocity. At the same time, it has been demonstrated for a plane boundary layer
{5, 6], that if the family of these profiles is specified as a multiparameter family,
the results are not inferior in terms of precision to those obtained by means of
differential techniques, while accounting for the introduction of polymer additives
into the flow causes no fundamental difficulties [3, 4].

The integral method of [7] is adopted in the following for the calculation of the
= boundary layer on a body of revolutionaround which the polymer solution flows,
- where this method is based on a three parameter family of profiles for the longi-
2 tudinal component of the averaged velocity, which has the form:

(1.1) Ule*=x=" In (Y ) +B 42 1UX) W (Y[8) +[ (Y1)

Here, U is the longitudinal averaged velocity, v* = Viy/p 1s the dynamic velocity,

Tw = Ty(X) is tangential stress at the streamlined surface, X is the longitudinal
coordinate which coincides with the meridian line circling the solid, p is the fluid
density, k = 0.4 is the first constant of turbulence, Y is the transverse coordinate
normal to the meridian line circling the solid, B is the second constant of turbu-
lence or the parameter which takes into account the influence of the polymers, W is the
Coles function, f is a function which takes into account the influence of the trans-
verse curvature of the streamlined surface and v is the kinematic fluid viscosity
coefficient.

It can be seen from formula (1.1) that the first two terms take the form of the usu-
al logarithmic law, justified in the region near the wall for practically any turbu-~
lent boundary layer, while the third term reflects the special features of turbulent
intermixing in the outer region, where the Coles parameter N(X) makes it possible
to take into account the influence of the longitudinal curvature of the solid and
the external pressure gradient. To facilitate the calculations, the form of the
function W(Y/8) was simplified as compared to the usually employed cosine curve [8]:

1.2) lV()'/ﬁ)=G(Y/5)2—~’»(Y/ﬁ)'1

The approximation (1.2) used here satisfies the boundary conditions W) = wW'(0) =

= W'(1) = 0, W(1) = 2 and is in sufficiently good agreement with experimental data.
The form of the fourth term of the right side of (1.1) was determined from various

considerations in [8, 9]; the proposed functionswere different in form, but yielded
close results numerically. Since the form of both functions is rather complex [8],
a simple parabolic approximation is used instead of them:

(1.3) FOYIR) =Ax~" (Y/R,)™
which when A = -0.46 practically coincides with the curves of [8, 9}. The match
of this approximation to the experimental data for gradient-free, axially symmetric

flow was confirmed in [7] by means of comparing the results of experiments on long-
itudinally streamlined cylinders. [10].
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By substituting expression (1.2) and (1.3) in formula (1.1}, and converting to
dimensionless quantities, we obtain:

(1.4) uo™'=x""In (ous Re y) +B+TTx~'[6(y/8,)*—4 (y/5) ]+
+Ax (y/ra)"
8,=6/L, y=Y/L, z=X/L, r,=R./L
o=v*/Us,, u=U/Us, uy=UyVw, Re=v,L/iv

Here, L is the length of the solid, v, is the unperturbed flow velocity, Us =
Us(X) is the velocity at the outer boundary of the boundary layer.

Expression (1.4) defines the dimensionless family of profiles of the longitudinal
averaged velocity in a boundary layer containing three dimensionless parameters:
§1(x), M(x) and w(x).

The following are integrated to determine these parameters: the momentum equation,
the mass capture equation and the law governing the resistance, which follows from
expression (1.4). The integral momentumrelationship is used in a form which con-

tains integral areas and is suitable for a thick, axially symmetric boundary layer:

b ** d

t + 1 uﬂ(ei*+20|**)=rw(0=
dr us dx

L

[
0*=[ (t-w)RaY, o**= [u(t-uw)RaY

(1.5)

0 *=0%/L% 0,**=0%*/L* R=R,+YcosP

Here, 6% is the displacement area (per radian of the angular cylindrical coordinate),

6*% is the area of loss of momentum, R is the radial cylindrical coordinate, 8 is the
angle between the axis of the solid of revolution and the tangent to the line circling
it at the meridian,

The integration of the differential continuity equation over the thickness of the
boundary layer, or the utilization of the equality of the fluid mass entering and
leaving a section of the boundary layer of length dX, gives a mass capture equation
which has the following form for an axially symmetric flow:

d d6 Vo
e A US(0=0%) ] = — 2
(1.6) ety ax P OT0=7% - 7,

¢
0= [0dY=R,0+0,56cosB, Ity=Ru+ cos B
A

Here, 8 is the boundary layer area, Rg is its outer boundary radius and Vg5 is the
transverse averaged component of the velocity at the boundary of the layer.

The processing of the experimental data of [1l] made it possible to establish the
fact that the right side of equation (1.6) can be replaced by a mass capture func-
tion in form found in [8], proposed for a plane boundary layer, if the argument of

this function is computed not in terms of the thicknesses, but rather in terms of
the areas of the boundary layer:
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(1.7) dS/AX—V o/ Uy==L (11,) =0,0306 (1,~3) >
) 1= (0,—0,%)/0,**,  0,=0/L*

_ Taking (1.7) into account, equation (1.6) can be written in the form:
(1.8) d{us(0,—0,*) }/dz=Euwrs

The law governing the resistance is derived from the velocity profile (1.4) and
can be written in differential form as follows:

B 1 A dé,  dIl 1 %\ do
- e —+2——+(—-+—)——=
(1.9) ( 6, 28,r," ) dz dx o o /dc
1 duy, A8, dr,  dB
e Y Rt
us dr 2. dr dx

In the absence of polymers, the last term disappears, since in this case, B = const.=
- = 4.9,

The Runge-Kutta method was used to integrate the system of three ordinary different-
ial equations (1.5), (1.8) and (1.9). The calculations were performed on a BESM-6
digital computer programmed in ALGOL-60 and a YeS-1022 computer programmed in FORT-
RAN. The initial conditions for the system of differential equations were derived
using one of three procedures:

1. If the boundary layer was assumed to be turbulent, starting with the critical
bow point, then at a distance along the axis of Z = 0 to 0.2, its characteristics
were determined just as for a flat plate with the corresponding Reynolds number.

2. If the boundary layer was calculated assuming that the change of flow modes oc-
curs at a conditional laminar--turbulent transition point, then the momentum contin-
uity condition 6y = 9; was used at this point, where the subscripts L and T cor-
respond to the laminar and turbulent portions. The laminar section was computed

by the conventional single parameter technique, while the transition cross—-section
was defined either as the crnss section where an agitator is located,

or on the basis of the empirical formula of [7]:

Recr**=oxp (44,9—14,711), Re*=Ud**/v, [=5*/5%*
(1.10) 3 s
§*= J’(x—n)dy, 5**:5 u{1-u)dY

0

Here, the double subscript LT indicates the tramsition cross-section, 8% is the
displacement thickness and &** is the momentum loss thickness, Formula (1.10) is
justified for a degree of free turbulence of ¢ = 0.3 - 0.7%. The system of the
following transcendental eguations was solved to determine the initial values of
81, Tor and wyr: 991‘* = of*(81), H = 6*/6™ and (1.4) for the case where y 